Introduction {#S0001}
============

Currently, autogenous bone grafting is the most common treatment for bone defects but repairing critical-sized bone defects remains a clinical challenge worldwide.[@CIT0001],[@CIT0002] Bone tissue engineering (BTE) holds great promise to address this issue effectively, and scaffold biomaterials are essential for BTE. In recent decades, widespread efforts have been made to develop polymeric biomaterials. Unlike other biomaterials, the physical, chemical, and biological properties of polymers can be precisely regulated at the molecular level.[@CIT0003] Although several polymers have been tried in medical applications, clinically, there are few successful examples. Synthetic polymers are limited in terms of their chemical composition, and most have shortcomings associated with biodegradability.[@CIT0004] As an alternative to synthetic polymers, natural polymers provide many important benefits, including biocompatibility, degradability, lower toxicity, and higher biological stability. Recently, protein-based biomaterials have become attractive because their macromolecular structures are similar to those of natural proteins in bone tissues. Among these proteins, plant proteins are more promising than animal proteins, as they are easier to obtain and have less immunogenic potential.

As a major storage protein of corn, zein has recently attracted attention in tissue engineering applications due to its perfect membrane-forming behavior, ability to preserve the functions of the natural extracellular matrix (ECM), inherent biocompatibility, excellent mechanical properties (flexibility, toughness, and compressibility), appropriate degradability, antioxidant activity, and resistance to microbial degradation.[@CIT0004],[@CIT0005] However, the hydrophobic properties of zein and its ability to stimulate cell proliferation remain limited. Molecular engineering of polymers with bioactive molecules provides the means to stimulate cellular responses, inducing cell proliferation and differentiation at the molecular level.[@CIT0003],[@CIT0006] Aspartic acid (Asp) has been reported to have specific beneficial effects on bone regeneration[@CIT0007],[@CIT0008] by inducing rat bone marrow stromal cell (rBMSC) proliferation, osteogenic differentiation, and extracellular mineralization. These findings prompted us to fabricate poly (aspartic acid) (Asp)-modified zein, in which the Asp peptide is used to promote osteogenic differentiation. For example, several noncollagenous bone proteins, such as bone sialoprotein and osteopontin (OPN), have repeating Asp-rich sequences that can potentially serve as hydroxyapatite-binding sites; additionally, Asp has a high affinity for hydroxyapatite[@CIT0009] and acts as an apatite nucleating agent, influencing further growth.

Biomolecule-polymer hybrids can be prepared via the simultaneous copolymerization of biomolecular and polymer units, or by conjugation of specific bioactive molecules onto polymer skeletons. Compared with conventional physical absorption, chemical bioconjugation is more versatile and controllable. However, identification of suitably mild conditions, as well as achieving high efficiency, remain major challenges. Click chemistry can be used to prepare biomolecule - polymer hybrids with well-defined properties. In this study, we prepared PAsp-modified zein using click chemistry.

As an ideal tool, nanofibrous scaffolding can be shaped to fill any anatomical defect.[@CIT0010] Given the growing literature on the importance of the cellular microenvironment, bone tissue engineers are seeking to mimic the ECM,[@CIT0011] which plays an important role in controlling cell behavior.[@CIT0012],[@CIT0013] Electrospinning has emerged as a promising technique, as it can be used to create nanofibrous scaffolds that simulate the biophysical cues of native ECM.[@CIT0011],[@CIT0014],[@CIT0015] This study aimed to develop such electrospun fibers to realize critical bone defect repair, and we hypothesized that electrospun PAsp-modified zein nanofibers can provide suitable microenvironment for bone regeneration. In the present research, we first prepared and characterized electrospun PAsp-modified zein and used rBMSCs as model cells for in vitro osteogenesis analysis. The electrospun PAsp-modified zein nanofibrous membranes were then implanted into critical-sized rat cranial bone defects to assess their ability to promote bone growth/repair ([Figure 1](#F0001){ref-type="fig"}).Figure 1Schematic preparation of poly (*L*-aspartic acid)-modified zein and its potential application for bone defect regeneration.

Materials and Methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

Zein (Z3625), collagenase type Ι (COL-1), and pentobarbital sodium solution were purchased from Sigma Aldrich (St. Louis, MO, USA). L-Aspartic acid β-benzyl ester (98%), propargylamine (98%), trifluoroacetic acid (TFA, 99%) 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) (98%), N-hydroxy-succinimide (NHS) (98%), 4-azidobenzoic acid (96%), and sodium ascorbate (99%) were sourced from Aladdin Chemical Company (Shanghai, People's Republic of China). Triphosgene (99.5%) was purchased from Xiya Reagent (Shandong, People's Republic of China). 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP, 99%) and hydrogen bromide (33 wt% in acetic acid) were purchased from the Energy Chemical Company (Shanghai, People's Republic of China). Tetrahydrofuran (THF, 99.5%) and dimethylformamide (DMF, 99.5%) were purchased from Sinopharm Chemical Reagent Corp (Shanghai, People's Republic of China). Dulbecco's modified Eagle's medium (DMEM) and antimycotic antibiotic solution were purchased from Gibco (Carlsbad, CA, USA), and fetal calf serum was purchased from Hyclone (Logan, UT, USA). The Cell Counting Kit-8 (CCK-8) was from Dojindo (Kumamoto, Japan). A bicinchoninic acid protein assay kit was purchased from Beyotime (Shanghai, People's Republic of China), and an alkaline phosphatase (ALP) assay kit was purchased from Jiancheng (Nanjing, People's Republic of China). Alizarin red S (ARS) was obtained from Sigma Chemical Company (Darmstadt, Germany). Phalloidin was purchased from AAT Bioquest (Sunnyvale, CA, USA), and 4′,6-diamidino-2-phenylindole (DAPI) was from Telenbiotech (Guangzhou, People's Republic of China). Three-day-old Sprague--Dawley (SD) rats were obtained from the Experimental Animal Center of Sun Yat-sen University (Guangzhou, People's Republic of China) and 9-week-old SD rats were purchased from the Experimental Animal Center of Guangzhou University of Chinese Medicine (Guangzhou, People's Republic of China).

### Preparation of Zein/ZPAA-1/ZPAA-2 Nanofibrous Membranes and Characterization {#S0002-S2001-S3001}

The synthetic route of ZPAA is shown in [Figure 2](#F0002){ref-type="fig"}.Figure 2Synthesis of poly (L-aspartic acid)-grafted zein.

### Preparation of L-Aspartic Acid β-Benzyl Ester N-Carboxyanhydride (BAA-NCA) {#S0002-S2001-S3002}

L-aspartic acid β-benzyl ester (10.00 g, 44.80 mmol) was suspended in 100 mL of anhydrous THF. Triphosgene (7.16 g, 24.13 mmol) was then added at 50°C under the protection of N~2~. The reaction mixture was cooled to room temperature, and THF was removed by rotary evaporation. The residue was subsequently redissolved in 100 mL of ethyl acetate, and the solution was washed with cold saturated NaHCO~3~ solution until no gas formed. After washing with cold deionized water three times, the organic layer was dried over MgSO~4~ and concentrated under vacuum. Finally, *L*-aspartic acid BAA-NCA was obtained as a white solid product (yield: 91%).

### Preparation of Poly(Β-Benzyl-L-Aspartate) (Alkynyl-PBAA) {#S0002-S2001-S3003}

BAA-NCA (1.00 g, 4.02 mmol) was dissolved in 10 mL of anhydrous DMF. To prepare the PBAA-1/PBAA-2 solution, propargylamine (4.6 µL, 0.067 mmol, \[M\]~0~/\[I\]~0~=60; 3.1 μL, 0.045 mmol, \[M\]~0~/\[I\]~0~=90) was added under the protection of N~2~, with stirring for 3 days. Diethyl ether was used to precipitate the product. Finally, the obtained white solid product was dried under vacuum (yield: 88%).

### Preparation of Poly (L-Aspartic Acid) (Alknyl-PAA) {#S0002-S2001-S3004}

Alkynyl-PBAA (5.00 g) was dissolved in 10 mL of TFA, and hydrogen bromide (3.0 mL, 33 wt% in acetic acid) was added dropwise at 0°C. After 2 h, the mixture was concentrated under vacuum to remove the solvents. The obtained solid product was subsequently washed thoroughly with deionized water and dried under vacuum (yield: 62%).

### Preparation of Azidobenzoic Acid-Grafted Zein (Zein-N~3~) {#S0002-S2001-S3005}

4-Azidobenzoic acid (0.10 g, 0.613 mmol) was dissolved in 20 mL of anhydrous dimethyl sulfoxide (DMSO). Then, EDC (0.06 g, 0.307 mmol) and NHS (0.04 g, 0.307 mmol) were added, with stirring for 2 h. Zein (0.50 g) was subsequently added. For fabricating azidobenzoic acid-grafted zein (zein-N~3~), the reaction was performed for 3 days at room temperature; diethyl ether was used to precipitate the product. Finally, the obtained yellow solid product was dried under vacuum (yield: 91%).

### Preparation and Characterization of Poly (L-Aspartic Acid)-Grafted Zein (ZPAA) {#S0002-S2001-S3006}

Zein-N~3~ (0.10 g) was dissolved in 30 mL of DMSO. After adding Alknyl-PAA (0.04 g)/Asp-2 (0.08 g), CuSO~4~·5H~2~O (0.06 g, 0.240 mmol) and *L*-ascorbic acid sodium salt (NaAsc, 0.09 g, 0.454 mmol) were added under the protection of N~2~. For preparing poly (*L*-aspartic acid)-grafted zein, the reaction was performed for 3 days at 50°C, and the mixture was dialyzed for 1 day. The solid product thus obtained was then washed with water and dried under vacuum (yield: 72%). The synthesis conditions of ZPAAs was summarized in [Table 1](#T0001){ref-type="table"}. The synthesis of poly (*L*-aspartic acid)-grafted zein was then confirmed by proton nuclear magnetic resonance (^1^H NMR) and Fourier transform infrared (FTIR) spectroscopy. ^1^H NMR spectra were recorded on an INOVA 500NB superconducting Fourier-transform NMR system (Varian, Palo Alto, CA, USA). FTIR spectra were obtained with a Nicolet 670 FTIR spectrometer (Thermo Nicolet, Madison, WI, USA).Table 1Synthesis Conditions of ZPAAsSampleBGA-NCA (g)Zein (g)DMF (mL)Yield %ZPBGA-10.505.002086.2ZPBGA-20.502.502085.7

### Preparation and Characterization of Zein/ZPAA-1/ZPAA-2 Nanofibrous Membranes {#S0002-S2001-S3007}

Zein/ZPAA-1/ZPAA-2 (1.00 g) samples were dissolved in 5.0 mL of HFIP. To fabricate zein/ZPAA electrospun nanofibrous membranes, electrospinning was performed with typical electrospinning parameters of 20-kV voltage and a flow rate of 0.008 mm/min. Electrospun membranes were sputter-coated with gold and visualized by scanning electron microscopy (SEM; JSM-6330F; JEOL, Ltd., Tokyo, Japan). The mean diameter of the nanofibers was calculated based on 300 random diameters. The contact angle of each nanofibrous membrane was measured using a Kruss DSA10-MK system (Kruss GmbH, Hamburg, Germany). To study biodegradability, the membranes were immersed in phosphate-buffered saline (PBS; pH 7.4, containing 10 mg/mL COL-1) for 7 days and then observed by SEM. Each sample was measured three times.

### Mineralization of Zein/ZPAA-1/ZPAA-2 Nanofibrous Membranes {#S0002-S2001-S3008}

A 10 × SBF-solution was prepared as described in a previous publication.[@CIT0016] Briefly, a stock solution was prepared according to [[Table S1](https://www.dovepress.com/get_supplementary_file.php?f=224265.docx)]{.ul} (pH 4.1) and NaHCO~3~ was added to adjust the concentration of HCO~3~^−^ to 10 mM. After cutting the membrane into a sample size of 10 × 10 × 0.05 mm^3^, zein, ZPAA-1, and ZPAA-2 nanofibrous membranes were immersed in aqueous acetic acid solution (0.001 mol/L) for 2 min, and then in 10 × SBF solution for 2, 3, or 4 h. The mineralized nanofibrous membranes were rinsed thoroughly with deionized water three times and vacuum-dried before SEM evaluation.

### Cell Seeding on Zein/ZPAA-1/ZPAA-2 Nanofibrous Membranes {#S0002-S2001-S3009}

The zein/ZPAA-1/ZPAA-2 nanofibrous membranes were cut into discs (diameter: 0.65 cm) and placed into 96-well plates. The zein nanofibrous membrane was used as the control group and the membrane-free plate as the blank group. The samples were subjected to ultraviolet (UV) radiation for 12 h and then incubated in DMEM complete culture medium consisting of 89% (v/v) DMEM, 10% (v/v) FCS and 1% (v/v) penicillin/streptomycin solution (P/S) for 30 min. rBMSCs were obtained from SD rat bone marrow, as described in a previous study,[@CIT0017] and rBMSCs at passages 3--5 were implanted in the nanofibrous membranes.

### Proliferation and Morphology of rBMSCs {#S0002-S2001-S3010}

#### Proliferation of rBMSCs {#S0002-S2001-S3010-S4001}

rBMSC proliferation was assayed using CCK-8 according to the manufacturer's instructions. In brief, rBMSCs were seeded onto the membranes at a density of 1 × 10^5^ cells/mL and cultured in DMEM complete medium. The medium was changed every 2 days. At 1, 3, 5, 7 and 14 days after rBMSC seeding, 10 μL of CCK-8 was added to each well (n = 3), and the cells were incubated at 37°C with 5% CO~2~ in the dark. Two hours later, the media were transferred to a 96-well plate to measure the optical density values at an optical wavelength of 450 nm using an enzyme-linked immunosorbent assay reader.

#### Morphologies of rBMSCs {#S0002-S2001-S3010-S4002}

##### SEM {#S0002-S2001-S3010-S4002-S5001}

BMSCs were seeded on the membranes at a density of 1 × 10^4^ cells/mL and cultured in DMEM complete medium. The medium was changed every 2 days. After 1 day, 3 days, and 5 days of culture, rBMSCs on zein/ZPAA-1/ZPAA-2 nanofibrous membranes were rinsed with PBS three times and fixed in 2.5% glutaraldehyde solution for 1 h. After fixation, the samples were dehydrated with 100% ethanol solution. Thereafter, the samples were dried, coated with gold, and examined by SEM (Quanta 400F thermal field emission environmental SEM; FEI, Lyon, France).

##### Fluorescent staining of phalloidin and DAPI {#S0002-S2001-S3010-S4002-S5002}

The morphology of rBMSCs on zein/ZPAA-1/ZPAA-2 nanofibrous membranes was further observed by staining with DAPI (blue fluorescence) and phalloidin (green fluorescence), for cell nuclear and F-actin labeling, respectively. After culturing (1 × 10^4^ cells/mL) for 1, 3, and 5 days, cell-seeded nanofibrous membranes were fixed in 3.7% formaldehyde solution for 5 min and permeabilized with 0.1% Triton X-100. Thereafter, the samples were stained with phalloidin and DAPI for 60 and 10 min, respectively. Then, the cells/membranes were examined using fluorescence inverted microscopy (Axio Observer A1; Carl Zeiss AG, Oberkochen, Germany).

#### Osteogenic Differentiation of rBMSCs {#S0002-S2001-S3010-S4003}

rBMSC osteogenic differentiation assays were performed using an ALP activity test and ARS staining. Briefly, rBMSCs were seeded on the membranes at a density of 1 × 10^5^ cells/mL and incubated overnight in DMEM complete medium under standard culture conditions (5% CO~2~ at 37°C). Twenty-four hours later, the medium was replaced by osteogenic medium (10 mM β-glycerophosphate, 10 nM dexamethasone, and 50 mg/mL ascorbic acid).

##### ALP activity {#S0002-S2001-S3010-S4003-S5001}

ALP activity was measured using an ALP activity assay kit. Briefly, after culturing for 7 and 14 days, ALP activity was measured following standard procedures.[@CIT0018] Activity was normalized against the total protein content, which was measured using a bicinchoninic acid kit according to the manufacturer's instructions.

##### ARS staining {#S0002-S2001-S3010-S4003-S5002}

After culturing for 14 days, ARS staining was applied to determine the presence of calcium. Briefly, the nanofibrous membranes were washed with PBS and fixed with 4% formaldehyde solution for 15 min. The fixed cells were then stained with 2% Alizarin red (pH 4.2) for 5 min and rinsed with PBS three times. All membranes were assayed under a bright field microscope.

#### Surgical Procedures {#S0002-S2001-S3010-S4004}

To evaluate the osteogenic potential of different zein membranes, an in vivo SD rat (male, 9 weeks old, 250--300 g) critical-sized cranial bone defect model was used. The rats were purchased from the Experimental Animal Center of Guangzhou University of Chinese Medicine and were kept under specific-pathogen-free conditions of the Animal Center of Sun Yat-sen University, at 26°C with a 12-h light/dark cycle. The rats were provided with a standard pellet rodent diet and water. The experimental protocol complied with the UK Animals (Scientific Procedures) Act and the ARRIVE guidelines. The animal experiments were approved by the Animal Care and Use Committee of Sun Yat-sen University (Permit Number: IACUC-DB-16-0315). The rats were anesthetized by injection of 0.1% pentobarbital sodium solution under aseptic conditions, and the cranium was exposed through a medial incision. Bilateral full-thickness circular defects (diameter: 6 mm; thickness: 1 mm) were then made by dental burs. Before being implanted into the defects, zein/ZPAA-1/ZPAA-2 nanofibrous membranes were cut into discs (diameter: 6 mm) and subjected to UV radiation for 12 h ([[Figure S1](https://www.dovepress.com/get_supplementary_file.php?f=224265.docx)]{.ul}). In total, 24 defects (12 rats) were created in this study. The animals were divided into four groups (n = 3): the ZPAA-1, ZPAA-2, zein, and blank control (left untreated) groups. The rats were sacrificed after 4 and 8 weeks.

#### Micro Computed-Tomography (Micro-CT) and Histological Analysis {#S0002-S2001-S3010-S4005}

##### Micro-CT analysis {#S0002-S2001-S3010-S4005-S5001}

After rats were euthanized, at 4 (n = 6) and 8 weeks (n = 6) postoperatively, bone samples were excised and fixed in 10% (v/v) neutral formalin for 24 h. Then, new bone was visualized and quantified using micro-CT (μCT50; Scanco Medical AG, Wangan-Bruttisellen, Switzerland). Three-dimensional (3-D) reconstructions of the images were then created using VG studio Max2.2 (Volume Graphics, Heidelberg, Germany). A series of parameters, including bone volume/tissue volume (BV/TV), bone surface/bone volume (BS/BV), trabecular thickness (Tb.Th), trabecular number (Tb.N), and trabecular bone space (Tb.Sp), was evaluated. Moreover, we modified the method of Spicer et al[@CIT0019],[@CIT0020] and scored the bony union and bridging according to [Table 2](#T0002){ref-type="table"}. Table 2Modified Scoring Guides for the Extent of Bony Union and BridgingBony Bridging ExtentScoreModelsNo bone formation0![](IJN_A_224265_O_ILF0001.jpg){#ILF0001}Few bony islands dispersed throughout the defect1![](IJN_A_224265_O_ILF0002.jpg){#ILF0002}Bony bridging only at the defect margins2![](IJN_A_224265_O_ILF0003.jpg){#ILF0003}Bony bridging over the partial length of the defect3![](IJN_A_224265_O_ILF0004.jpg){#ILF0004}Bony bridging over the entire span of the defect at the longest point4![](IJN_A_224265_O_ILF0005.jpg){#ILF0005}Bone almost filled the full defect5![](IJN_A_224265_O_ILF0006.jpg){#ILF0006}

##### Histological and immunohistochemistry analysis {#S0002-S2001-S3010-S4005-S5002}

For histological analysis, the samples were made into paraffin sections, which were then processed for hematoxylin and eosin (H&E) and Masson's trichrome (MT) staining. For MT staining, semiquantitative detection of the red dyed areas was performed by Image Pro Plus 6.0 software. Moreover, for testing COL-1 and osteocalcin (OCN) expression, the paraffin sections were subjected to immunohistochemical staining. The stained sections were photographed digitally under a microscope.

Statistical Analysis {#S0002-S2002}
--------------------

All quantitative data are presented as means ± standard deviation. One-way analysis of variance followed by Tukey's test was performed for statistical comparisons. A value of *p* \< 0.05 was deemed statistically significant. All data were analyzed using SPSS software (ver. 21.0; IBM Corporation, Armonk, NY, USA).

Results {#S0003}
=======

Synthesis of ZPAA {#S0003-S2001}
-----------------

The synthesis of ZPAA was confirmed by ^1^H NMR and FTIR spectroscopy ([Figure 2](#F0002){ref-type="fig"}). ^1^H NMR spectra of zein, zein-N~3~, and ZPAA are shown in [Figure 3A](#F0003){ref-type="fig"}. Asp and zein shared a peak at 4.79 ppm (CH groups) and at 2.83 ppm (CH~2~ groups).[@CIT0021] However, the peak of ZPAA appearing at 7.53 ppm (triazole ring) confirmed the click reaction between alkynyl-Asp and zein-N~3~. FTIR spectra of zein, zein-N~3~, and ZPAA are shown in [Figure 3B](#F0003){ref-type="fig"}. The main peak of zein-N~3~ appeared at 2124 cm^−1^ (azido group conjugation). For the spectrum of ZPAA, the main peak appeared at 1403 cm^−1^ (COOH group), whereas the typical azido group bond at 2124 cm^−1^ was detected, indicating the conjugation of Asp on zein and the success of the click reaction, respectively.[@CIT0022],[@CIT0023] The grafting percentages of ZPAA-1 and ZPAA-2 \[grafting percentage = m(polymer)/m(zein) × 100%\] were calculated to be 5.32% and 7.63%, based on element analysis.Figure 3(**A**) Proton nuclear magnetic resonance and (**B**) Fourier transform infrared spectra of zein, zein-N3, 4-azidobenzoic acid, and poly (L-aspartic acid)-grafted zein.

Characterization of the Electrospun Membranes {#S0003-S2002}
---------------------------------------------

An electrospinning technique was used to fabricate zein/ZPAA-1/ZPAA-2 nanofibrous membranes. SEM morphologies revealed successful generation of uniform fibrous structures for all electrospun membranes. All nanofibers showed highly porous networks. The diameters of the zein, ZPAA-1, and ZPAA-2 membranes were 87 nm, 148 nm and 215 nm, respectively. ([Figure 4A](#F0004){ref-type="fig"}). Furthermore, the water contact angles of zein, ZPAA-1, and ZPAA-2 membranes were 129.8 ± 2.3°, 113.6 ± 1.8°, and 105.5 ± 2.5°, respectively. As the Asp content increased from 0% to 7.63%, the water contact angle decreased from 129.8 ± 2.3° to 105.5 ± 2.5°. The results reveal that Asp chains improved the surface wettability of ZPAA membranes ([Figure 4B](#F0004){ref-type="fig"}). Moreover, in the biodegradability test ([[Figure S2A](https://www.dovepress.com/get_supplementary_file.php?f=224265.docx)]{.ul}), holes and broken areas indicated that addition of Asp did not affect membrane biodegradation.Figure 4(**A**) SEM images showing the representative morphologies and diameter distributions of zein, ZPAA-1, and ZPAA-2 membranes (**B**) Water contact angles of zein, ZPAA-1, and ZPAA-2 membranes.

The in vitro bone bioactivities of zein/ZPAA-1/ZPAA-2 nanofibrous membranes were analyzed in terms of the apatite mineralization behavior in SBF.[@CIT0024]--[@CIT0026] After immersion in SBF for 2, 3 or 4 h at 37°C, the samples were characterized by SEM. Apatite-like deposits were noticeable on ZPAA-2 nanofibrous membranes after 4 h of immersion in SBF, whereas fewer deposits were identified on zein and ZPAA-1 membranes ([[Figure S2B](https://www.dovepress.com/get_supplementary_file.php?f=224265.docx)]{.ul}). These SEM results imply that conjugation of Asp on zein improves the in vitro bioactivity of the resulting ZPAA-2 nanofiber.

Biocompatibility and Osteogenesis of Zein/ZPAA-1/ZPAA-2 Nanofibrous Membranes in vitro {#S0003-S2003}
--------------------------------------------------------------------------------------

### Cell Morphology {#S0003-S2003-S3001}

The morphology of rBMSCs cultured on zein/ZPAA-1/ZPAA-2 nanofibrous membranes was investigated by both fluorescence staining and SEM. As shown in the fluorescence-staining images ([Figure 5A](#F0005){ref-type="fig"}), over the 5-day period rBMSCs spread best on the ZPAA-2 nanofibrous membrane. On the first day, rBMSCs exhibited incomplete spreading over zein/ZPAA-1/ZPAA-2 nanofibrous membranes. After culturing for 5 days, a confluent layer of rBMSCs had become anchored and spread over the ZPAA-2 nanofibrous membrane, generating the largest cell spreading area and the most abundant cytoskeleton. These results show the excellent biocompatibility of the ZPAA-2 membranes, which appeared to provide an ideal environment for rBMSC growth. After culturing for 7 days, SEM images revealed typical spreading morphologies of rBMSCs on ZPAA nanofibrous membranes, especially in the ZPAA-2 group ([Figure 5B](#F0005){ref-type="fig"}). In brief, fully spread rBMSCs with outstretched filopodia extensions were observed on ZPAA-2 membranes, exhibiting polygonal osteoblastic-like cells with obvious filopodia. Overall, ZPAA-2 nanofibers had a superior effect on rBMSC spreading and proliferation than did zein and ZPAA-1 nanofibers.Figure 5Biocompatibility and osteoinductivity of zein/ZPAA-1/ZPAA-2 membranes in vitro. (**A**) Fluorescence microscopy images of the morphology of rBMSCs on zein, ZPAA-1, and ZPAA-2 membranes after culturing for 1, 3, and 5 days. Green indicates the nucleus and blue indicates F-actin. (**B**) SEM images of rBMSCs on zein, ZPAA-1, and ZPAA-2 membranes under a magnification of 3000×, after culturing for 7 days. (**C**) Cell Counting Kit-8 (CCK-8\_ assay of rBMSCs viability on zein, ZPAA-1, and ZPAA-2 membranes after culturing for 1, 3, 5, 7 and 14 days (n = 3). (**D**) The relative ALP activities of cells cultured on the membranes (n = 3). (**E**) Alizarin red S staining of cells cultured on the membrane (scale bar = 10 μm). ns \> 0.5; \*p \< 0.05, \*\*p \< 0.01, \*\*\*P \< 0.001.

### CCK-8 Assay {#S0003-S2003-S3002}

The CCK-8 assay was used to evaluate the proliferation of rBMSCs cultured on zein/ZPAA-1/ZPAA-2 nanofibrous membranes for different times. The results showed that in all groups the rBMSCs proliferation increased obviously with time. And the ZPAA-2 group had significantly higher OD values than he blank control/zein/ZPAA-1 group at days 1, 3, 5, 7 and 14 ([Figure 5C](#F0005){ref-type="fig"}).

### ALP Activity {#S0003-S2003-S3003}

The osteogenic potential of rBMSCs on zein/ZPAA-1/ZPAA-2 films was measured according to ALP activity; a time-course profile for the three nanofibers is shown in [Figure 5D](#F0005){ref-type="fig"}. While there was no difference among the blank control group, zein, ZPAA-1, and ZPAA-2 nanofibers after 7 days of incubation, the ZPAA-2 nanofiber yielded the highest ALP-enhancing activity of rBMSCs after 14 days of incubation (p \< 0.01).

### ARS {#S0003-S2003-S3004}

ARS staining was used to evaluate calcium deposition on zein/ZPAA-1/ZPAA-2 films. The images confirm calcium deposition on the ZPAA films, with the ZPAA-2 group showing the greatest calcium deposition ([Figure 5E](#F0005){ref-type="fig"}). These results support the finding that Asp inclusion promotes calcium deposition of rBMSCs.

In vivo Bone Regeneration {#S0003-S2004}
-------------------------

A critical-size calvarial-defect model (diameter: 6 mm)[@CIT0027] was developed to assess the bone-forming ability of zein/ZPAA-1/ZPAA-2 films. All rats survived the procedure. Micro-CT images ([Figure 6A](#F0006){ref-type="fig"}) showed formation of new bone after the membranes had been implanted for 4 and 8 weeks. The images indicated that at 4 weeks, the defect remained almost void in the blank group, while in the zein group the defect areas were slightly smaller. Moreover, in the ZPAA-2 group the defect was filled with significant new bone at 4 weeks, forming a bone ring sprouting from the edge of the defect. The most conspicuous new bone formation was in the ZPAA-2 group. At 8 weeks, bone repair revealed a similar trend as that observed at 4 weeks; in particular, the bone defect filled with a ZPAA-2 membrane was almost fully repaired at 8 weeks. The bone repair was further quantitatively evaluated by BV/TV, Tb.Th trabecular separation (Tb.Sp), Tb.N, BS/BV, and bridging values ([Figure 6B](#F0006){ref-type="fig"}). The results show that the groups incorporated with Asp (ZPAA-1 and ZPAA-2) had BV/TV, Tb.Th, Tb.N, and bridging values significantly higher than those of the groups without Asp incorporation (blank and zein). Among the Asp-incorporated groups, ZPAA-2 had higher BV/TV, Tb.Th, Tb.N, and bridging values. The Tb.Sp and BS/BV values had the opposite trend.Figure 6(**A**) Three-dimensional micro-computed tomography-reconstructed images at 4 and 8 weeks postoperatively. (**B**) Quantitative analysis of regenerated bone in terms of the bridging score, bone volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), trabecular separation (Tb.Sp), and bone surface/bone volume (BS/BV). ns \> 0.5, \*p \< 0.05, \*\*p \< 0.01, \*\*\*P \< 0.001.

Bone regeneration in vivo at 4 and 8 weeks was further analyzed by histological staining ([Figure 7](#F0007){ref-type="fig"}) and immunohistochemical staining ([Figure 9](#F0009){ref-type="fig"}) to obtain more details. H&E staining ([Figure 7A](#F0007){ref-type="fig"}) revealed similar trends to the micro-CT results. At 4 weeks, significant lamellar and woven bone formed in the ZPAA groups, while fibrous tissue filled the area between the trabeculae. In the zein group, obvious undegraded membranes were observed, while lamellar bone was noted in the edge of the defect and a large amount of fibrous tissue was observed between the trabeculae. In the control blank group, a small amount of woven bone and a large amount of fibrous tissue was found. At 8 weeks, the ZPAA-2 group exhibited the most obvious bone healing, and the bone defect was almost fully repaired by well-arranged lamellar bones. In the ZPAA-1 group, a small amount of fibrous tissue was observed in the gap and the lamellar bone was obviously increased compared with that at 4 weeks. In the zein and blank control group, the lamellar bone was also significantly increased compared with that at 4 weeks, and fibrous tissues were observed between the trabeculae. The results showed that new bone formed with time in all four groups, and the process was fastest in the ZPAA-2 group. Moreover, there was no significant difference in the blood vessels for the same group between 4 weeks and 8 weeks, indicating a fairly stable blood supply system in each group. In addition, there was no significant difference in the blood vessels among the four groups at 4 and 8 weeks, which indicated that the blood supply of the bone defect was similar in each group.Figure 7Histological evaluation of bone regeneration in rat calvarial defects at 4 and 8 weeks postoperatively: (**A**) hematoxylin and eosin staining; (**B**) Masson's trichrome staining. CB indicates cortical bone, F indicates fibrous tissue, BM indicates bone marrow, Z represents the location of residual zein/ZPAA materials, and yellow arrows represent vessels (1× and 40× magnification, scale bar = 100 μm).

Masson staining ([Figure 7B](#F0007){ref-type="fig"}) showed the similar trends as H&E staining ([Figure 7A](#F0007){ref-type="fig"}). Besides that, in all the groups the red dyed areas were significantly increased from 4 weeks to 8 weeks, and the red dyed area was the most prominent in the ZPAA-2 group. These results showed that the bone matrices in all the groups significantly matured as time progressed, whereas the ZPAA-2 group had the most mature bone matrix. Moreover, the semi-quantitative results of the Masson staining ([Figure 8](#F0008){ref-type="fig"}) revealed that the red dye area in all the four groups showed statistically improvement from 4 weeks to 8 weeks, indicating that the maturity degree of the collagen fibers increased with time. In another word, as time progressed, the maturity degree of the bone matrix was increased. Besides that, the red-stained areas in the ZPAA-1 and ZPAA-2 groups were statistically larger than the zein and blank control groups (*p\<0.05*) at 8 weeks, and the area is largest in the ZPAA-2 group. These results revealed that the collagen fibers in the ZPAA-1 and ZPAA-2 groups were more mature than those in the zein and blank control groups, and ZPAA-2 group behave the best. Thus, the maturity degree of the bone matrix was the highest in the ZPAA-2 group.Figure 8Semiquantitative results of red-stained area ratio based on Masson staining. ns \> 0.5, \*p \< 0.05, \*\*\*P \< 0.001.

Bone matrix proteins, such as OCN and Osteocalcin (COL-1) were detected by immunohistochemical staining among all the groups. The results ([Figure 9](#F0009){ref-type="fig"}) revealed the similar trends as histological staining. Besides that, the positive staining of OCN and COL-1 indicated non-collagen and collagen matrix formation and deposition in various phase of bone regeneration. And newly formed blood vessels could be seen at both 4 and 8 weeks after implantation, which might enhance the bone formation.Figure 9Immunohistochemical evaluations of bone regeneration in rat calvarial defects at 4 and 8 weeks postoperatively: (**A**) collagen type 1 staining and (**B**) osteocalcin staining. Blue arrows represent positive staining, red arrows represent vessels (1× and 40× magnification, scale bar = 100 μm).

Discussion {#S0004}
==========

Given that self-healing is impossible when a bone defect exceeds a critical size, development of an ideal biomaterial that promotes bone healing is necessary. Zein has been considered a good candidate due to its amphiphilic nature, biocompatibility, nontoxicity and favorable biodegradability, which degraded completely in vivo within 8 months. Moreover, As a plant-derived protein, zein offers superior bio-stability and less possibility to transmit zoonotic disease compared with animal proteins, such as silk fibroin and collagen.[@CIT0023] Furthermore, zein enhances cell viability, attachment, and proliferation,[@CIT0028] because of the functional groups in amino acid side chains, which could act as cells recognition sites for attachment.[@CIT0029] However, its ability to stimulate cell proliferation needs to be improved.[@CIT0004],[@CIT0030] To achieve this, we focused on Asp, which is the carbon terminal of Arg-Gly-Asp (RGD), and on interactions with bone, both in vitro and in vivo.[@CIT0031]

The RGD sequence is widely present in cell adhesion proteins and participates in multiple cell-fate decisions.[@CIT0012],[@CIT0032] As cell-responsive ligands, RGD has become a gold standard in biomaterial modification designs.[@CIT0028] Li et al[@CIT0031] modified poly(dimethyl-siloxane) with RGD to improve the adhesion, proliferation, and collagen secretion of fibroblasts. As a kind of carboxylic acid, Asp is likely to be the natural bone-targeting ligand in RGD,[@CIT0031] and it is involved in protein adsorption, MSC/osteoblast attachment, spreading, and proliferation.[@CIT0008],[@CIT0033]--[@CIT0035] In this study, we developed PAsp-modified zein using click chemistry, which produces stable products by rapid reaction under mild conditions.[@CIT0003] PAsp-modified zein nanofibrous membranes were prepared using an electrospinning technique to create nanoscale fibrous membranes with interconnecting pores that mimicked the native structure of ECM.[@CIT0036]

Zein is a hydrophobic material; improved surface hydrophilicity is necessary for cell adherence and growth.[@CIT0037] Due to the hydrophilicity of Asp chains, the water contact angles of zein (0% PAsp), ZPAA-1 (5.32% PAsp), and ZPAA-2 (7.63% PAsp) membranes decreased. As revealed by the above results, incorporation of Asp modified the surface morphology of the zein films and enhanced their hydrophilicity, ultimately improving their cytocompatibility.[@CIT0003] Biomineralization is used to assess whether a biomaterial is ideal for bone tissue bonding and formation; the in vitro hydroxyapatite formation ability reportedly reflects in vivo bioactivity.[@CIT0023],[@CIT0038] In this study, biomineralization was promoted in ZPAA-2 groups. In another study, Chu et al[@CIT0039] demonstrated that Asp promotes hydroxyapatite crystallization from the precursor crystal. This phenomenon can be explained by the electronegative carboxy groups of Asp, which provide Ca^2+^-binding sites and promote the growth of hydroxyapatite.[@CIT0009] Given that hydroxyapatite is important in bone regeneration, it is reasonable to expect ZPAA-2 nanofibrous membrane to be a promising material for BTE applications.

A biomaterial scaffold for bone regeneration should support adhesion, spreading, proliferation, and osteogenic differentiation of MSCs. In this study, membrane bioactivity was tested by seeding rBMSCs on membrane surfaces. In [Figure 5A](#F0005){ref-type="fig"}, the low density and unstretched morphogenesis of rBMSCs on day 1 can be attributed to cell attachment followed by cell growth. However, rBMSCs showed better cell adhesion to the ZPAA-2 membrane than to the zein and ZPAA-1 membranes. The attachment of rBMSCs to the ZPAA-2 membrane increased survival time and cell viability. Cell attachment is the first stage, followed by cell spreading and proliferation;[@CIT0040] it typically occurs during the early stage of regeneration and is necessary for establishing layers of cells for matrix maturation. [Figure 5A](#F0005){ref-type="fig"} and [B](#F0005){ref-type="fig"} demonstrate that rBMSCs seeded on ZPAA-1 and ZPAA-2 membranes spread and proliferated better than did those seeded on the zein membrane from day 3 to day 7, with the ZPAA-2 membrane showing the best results; this indicates that immobilized Asp increases rBMSC proliferation in the early stages of the regenerative process, and a higher Asp content improves cell proliferation and growth. The quantitative CCK-8 results shown in [Figure 5C](#F0005){ref-type="fig"} for the proliferation of rBMSCs further confirm the above results. Thus, the results emphasize several key factors related to cell proliferation and growth. First, incorporation of Asp enhanced the hydrophilicity of zein membranes, whereas the wettability of the polymer surface is a key factor influencing material--cell interactions and concomitant cell behaviors.[@CIT0041] Second, osteoblasts preferentially bind to RGD. As the carbon terminal of RGD, Asp is necessary for bone affinity,[@CIT0042] and is involved in protein adsorption, MSC/osteoblast attachment, spreading, and proliferation.[@CIT0008]

Osteogenic differentiation occurs after proliferation. A biochemical marker for the early stage of osteogenic differentiation is ALP activity, which is needed for enrichment of inorganic phosphates within the bone formation site.[@CIT0043] Furthermore, we used ARS staining to analyze the effect of Asp on late-stage osteogenic differentiation of rBMSCs by surveying the calcium deposited from the maturated osteoblasts. On day 7, the difference in ALP activity among the three groups was not statistically significant. However, day 14 marked the maturation of osteoblasts,[@CIT0043] as signified by higher ALP activity and a greater amount of calcium deposited on ZPAA-2 membranes ([Figure 5D](#F0005){ref-type="fig"}). This proves that Asp efficiently promotes osteoblast maturation. Our results are in accordance with a previous study,[@CIT0007] in which the addition of Asp to a medium containing osteoblasts promoted osteogenic differentiation and mineralization. Additionally, Asp can act as a nucleating agent and influence apatite growth.[@CIT0008] Itoh et al[@CIT0044] showed that synthetic Asp6 peptide has a high affinity for hydroxyapatite and enhances the attachment of osteoblastic line cells to hydroxyapatite. Various noncollagenous bone proteins, such as OPN and OCN, have repeating Asp-rich sequences in their structures, which are potential hydroxyapatite-binding sites;[@CIT0009],[@CIT0045],[@CIT0046] furthermore, extensive Asp-rich regions are common in the proteins involved in mineralizing systems.[@CIT0047] Although the proteins associated with mineralized tissues vary among species, they are typically rich in Asp.[@CIT0044] Asp is highly expressed in the small integrin-binding ligand, N-linked glycoproteins (SIBLINGs) protein family, and members of this family play important roles in hydroxyapatite mineralization in the body.[@CIT0047] Asp can be used as a crystal growth catalyst to modulate biomineralization effectively,[@CIT0040] and it controls hydroxyapatite mineralization in vivo.[@CIT0048]

As revealed by Nikolaos et al,[@CIT0049] biomaterials can be modified with integrin-binding domains to mimic ECM-mediated cell-signaling events. As part of RGD, Asp is an ideal candidate because it binds to integrin complexes and recognizes various ECM molecules. Asp acts on osteoblastic cells by binding to integrins. One study found that Asp contains peptide sequences, including Asp-Gly-Glu-Ala (DGEA) and RGD, and induces osteogenic differentiation by binding to the α2β1 integrin receptor. In addition, α2β1 is critical in the survival, adhesion, spreading, migration, and differentiation of MSCs.[@CIT0043] Thus, Asp may also induce osteogenic differentiation by binding to receptor-α2β1. The mechanism of the interaction between HA and Asp is still unclear;[@CIT0009] however, ionic interactions via the negatively charged Asp sequence and the positively charged calcium within the mineral component of bone are thought to be responsible for the binding effects.[@CIT0050],[@CIT0051] Palazzo et al[@CIT0052] suggested that Asp binds Ca^2+^ ions through its −COOH groups. Wu et al[@CIT0053] revealed that a bone bridge forms between two carboxyl groups from Asp moieties and two adjacent Ca atoms, while the α-NH^3+^ group forms a hydrogen bond with oxygen. Chu et al[@CIT0039] revealed that Asp plays an important role in optimizing the efficacy of active sites (carboxylate-rich domains) and significantly decreases the interfacial energy barrier, inducing hydrated phase (HP) formation. However, a recent study by Patricia et al[@CIT0048] revealed that the interactions between ASP and hydroxyapatite are notably mediated by side chains, indicating that both the carboxyl and amine groups contribute significantly to the interaction. Whereas a high content of Asp residues may be effective for collagen binding,[@CIT0047] incorporation of Asp affects the degree of crystallinity of the apatitic phase, and the crystallinity decreases as the Asp content increases. The presence of Asp helps to control the crystal dimensions and osteogenic differentiation.[@CIT0008]

The critical-size calvarial defect model (6 mm in diameter in this study) is widely used to assess bone-healing ability in bone repair materials, and the complete healing is still a great challenge.[@CIT0027] Micro-CT ([Figure 6](#F0006){ref-type="fig"}), H&E staining, Masson staining ([Figures 7](#F0007){ref-type="fig"} and [8](#F0008){ref-type="fig"}), and immunohistochemical staining ([Figure 9](#F0009){ref-type="fig"}) revealed that ZPAA membranes have the ability to repair critical-sized bone defects effectively. In particular, ZPAA-2 membranes alomst fully repair critical-sized defects with mature bone matrix in 8 weeks, and the stable blood supply of the bone defect might enhance the bone formation. These results imply that Asp incorporation remarkably enhances bone regeneration in vivo; the membrane with an Asp grafting percentage of 7.63% induced superior calvarial bone healing. These results are consistent with in vitro studies and confirm the key role of Asp. Asp has a specific positive effect on bone regeneration in vivo, as it increases the rate of new bone growth; additionally, construction of regenerated bone was superior to that observed in a control group.[@CIT0007]

All the aforementioned results demonstrate that electrospun PAsp-modified zein is an ideal bone biomaterial. Both zein and Asp are natural materials that are degradable and have no long-term health effects;[@CIT0054],[@CIT0055] individually, they are good substrates for tissue engineering. A hybrid of these materials can be prepared via a click reaction, which has the advantages of being a mild, effective, robust, safe, environmentally friendly, and nontoxic reaction.[@CIT0003] As controlling cell behaviors is key to biomaterial development,[@CIT0012] in this study, we developed electrospun membranes that provide large surface areas for enhancing protein adsorption, as well as a large number of binding sites for cell membrane receptors.[@CIT0056] Moreover, electrospun membranes form oriented nanofiber webs suitable for engineered tissues, as the webs contribute to cell orientation.[@CIT0057],[@CIT0058]

Conclusion {#S0005}
==========

In summary, we synthesized chemically modified zein materials with different PAsp contents and demonstrated the feasibility of using electrospun PAsp-modified zein for BTE. ZPAA-2 was shown to be less cytotoxic and more effective in promoting osteogenesis than the other tested materials. Our findings from both in vitro and in vivo studies demonstrate that electrospun PAsp-modified zein can provide a suitable microenvironment for osteogenic differentiation of rBMSCs, as well as for bone regeneration; the optimal membrane appears to have a PAsp grafting percentage of 7.63%. The impact of the nanofibers design regarding the Asp spatial arrangement and density mode on cell−nanofibers interaction would be further investigated to explore the ideal biomaterials in promoting osteogenesis.
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